Abstract-We have developed an inexpensive rapid process for creating soft, mm-scale self-forming catalytic swimmers for biomedical and environmental applications. The swimmers contain a catalyst such that when exposed to H 2 O 2 they self-propel. With the additional incorporation of iron oxide nanoparticles (deposited as ferrofluid), we successfully control the navigation of the swimmers using a magnetic field. Unlike the previous reports of catalytic actuators, which use expensive materials (e.g., platinum) and hard substrates (e.g., titanium), our process makes an exclusive use of techniques, which are scalable, economical, and adaptable for large-volume manufacturing (e.g., roll-to-roll), along with materials that are non-toxic and eco-friendly. The devices are created using a planar design, but upon immersion in an aqueous environment, they fold up to create a 3-D architecture, specifically, a tapered cylinder. Tapering is achieved by a range of ablation levels during fabrication, thus creating a gradient of curvatures along the longitudinal axis of the cylinder for improved propulsion efficiency (compared with cylinders or rods). A maximum swimming speed of 7.2 mm/s was observed at 20% H 2 O 2 .
I. INTRODUCTION
T HE FUTURISTIC vision of autonomous miniature robots performing complicated tasks has fueled a flurry of micro/nano actuator development over the past decade. The major appeal of such devices lies in their promise to serve as autonomous miniature engines for transporting materials or other micro-devices in typically inaccessible environments (e.g., small cavities or vessels in the body). A major trend in the design of such devices is their further miniaturization with each device generation, but this approach creates challenges with powering, such as limited volume for energy storage and insufficiently large areas for remote-powering antenna/ circuitry [1] , [2] . A convenient solution is to create microrobots which can power themselves using materials and energy from their surroundings.
One approach is to make use of fuel sources in the environment via chemical catalysis [3] . Researchers have implemented catalytically-driven micro-actuators by creating nano-rods or micro-particles of catalytically active materials [3] - [11] . In an appropriate environment, these actuators self-propel via propulsion-or surface force-driven mechanisms. Of these methods, the propulsion-based approach is more practical for µm-and mm-size devices, whose surface forces are insufficiently strong for generating reliable motion (unlike at the nanoscale regime). Such propulsion devices typically consist of a tubular shell composed of or loaded with a catalyst; through a catalytic reaction, the material generates a series of gas bubbles which are sequentially ejected from the tube in a jet-like fashion. By using such bubble-jet propulsion approach, it is possible to control the motion (i.e., speed) of the actuator by varying the amount or concentration of the catalyst or reactant, or by subjecting the device to acoustic (e.g., ultrasonic) disturbances which can controllably dampen the bubble-jet effect [12] . The small scale of these devices typically limits their fabrication to materials and processes of traditional MEMS (i.e., photolithography and other cleanroom fabrication techniques using hard materials). However, with the advent of affordable rapid prototyping technology in recent years, it has become possible to create similar actuators using flexible materials (e.g., polymer films) with larger dimensions and in greater production volumes, opening doors for many novel applications. For example, these technologies allow the creation of polymeric, bio-degradable actuators which can be used for clinical procedures or which can be deployed en masse on the field for agricultural and environmental studies (e.g., environmental studies of peroxide in snow/glaciers) [13] , [14] with minimal financial and ecological concerns.
In this work, we demonstrate the versatility of such techniques by creating a soft, inexpensive, self-forming catalytic swimmer. Although various researchers have previously published reports of catalytic-driven devices made using rapid prototyping techniques [4] - [6] , [15] , the devices suffer from one or more of the following drawbacks: (i) the requirement for rigid, machined screen-printing masks, (ii) a limitation to planar (i.e., 2D) devices, (iii) the need for expensive materials and/or processes, and (iv) the use of nanoparticles (whose biocompatibility is highly debated [16] , [17] ). The present approach offers a solution to these limitations by using inexpensive, commercially available materials along with a scalable and economical fabrication technique.
The swimmers are created from a commercial cellulose acetate adhesive tape (Scotch MagicTape TM ) along with industrial micro-particles of a catalyst (MnO 2 ). Our lab previously reported on the unique water-responsive properties of this tape [18] , i.e., it curls up in aqueous solutions and bends in humid environments due to its bilayer structure; this phenomenon allows us to process the tape using a planar approach and have it self-fold into a three-dimensional device upon contact with an aqueous solution. Additionally, the broad availability and low cost of this tape allows for easy replication of our techniques to create similar polymeric swimmers. We use MnO 2 and H 2 O 2 for propulsion of the swimmers. MnO 2 microparticles are particularly attractive for such applications due to the lower material cost (compared to other catalysts commonly used, e.g., Pt) and their micro-sized scale which does not impair the biocompatibility of the material (unlike nano-scale materials). Additionally, our experiments show that H 2 O 2 exposure provides a way to alter the surface roughness of the MnO 2 particles to create nano-scale features for higher catalytic rates. Various shapes are created using tape and loaded with the catalyst, MnO 2 ; for additional controllability, the swimmers are also functionalized using a ferromagnetic material (i.e., ferrofluid) for remote control. The swimming speed can be controlled by the shape of the swimmer and the concentration of the reactant solution and/or the catalyst. Figure 1 illustrates the design and working principle of the catalytic swimmer. The device consists of a tapered tubular shell loaded with solid micro-particles which can generate gas via a chemical reaction when in contact with an appropriate solution. The operation mechanism is based on bubble-jet propulsion; i.e., when gas is generated, the gas bubbles are ejected via the wider end of the devices, thus propelling the swimmer in the direction of the narrower end. The exact motion of the swimmer is determined by many factors, including geometry, H 2 O 2 concentration, catalyst size and quantity, as well as external forces driving the trajectory, as described in the following subsections.
II. DESIGN AND OPERATION THEORY

A. Concept
B. Material Selection
Gas generation can be achieved by a myriad of chemical reactions, some in which the reactants are consumed (e.g., acid-base reactions) and others in which a non-consumable (catalyst) decomposes a second material. The latter (catalytic) reactions are particularly well-suited for powering selfpropelling devices since the device can operate for a long time with only a small amount of the catalyst loaded onto it (as long as the consumable material is abundant). The swimmer presented herein relies on the catalytic decomposition of hydrogen peroxide using manganese dioxide. Hydrogen peroxide is a commonly used consumable due to its clean decomposition into oxygen and water by well-known materials. This feature allows it to be safely injected (e.g., temporarily) into aqueous systems as a fuel to power catalytic actuators (e.g. for scavenging other bio/chemical analytes). Moreover, its native presence (albeit in trace amounts) in biological and other natural environments makes it a reliable (broadly available) fuel source for biological/environmental catalytically-powered devices. Similarly, manganese dioxide micro-particles are biocompatible and catalyze hydrogen peroxide cleanly while possessing the additional advantages of being economical, simple to synthesize, and commercially available. Furthermore, it is possible to pre-treat the catalyst nanoparticles to achieve nano-scale surface features for enhanced catalytic activity while retaining its overall micro-scale (i.e., safe) size.
In addition to the chemistry of gas generation, the substrate material and shape play a critical role in the operation of the catalytic swimmer. To allow for mechanical strength and flexibility, the material of choice should be polymeric and strong, while ideally offering a location or mechanism for functionalization with catalyst and other materials. A fitting material is a commercial cellulose acetate adhesive tape (i.e., Scotch MagicTape TM , 3M) which is widely available and inexpensive. This tape consists of a cellulose acetate backing lined with an acrylate-based adhesive film upon which micro/nano-particles can be loaded. Its polymeric nature allows shaping and ablating via laser (e.g., for altering thickness or surface morphology). Furthermore, our group has previously shown the remarkable ability of this tape to curl or bend in response to moisture [18] . This unique feature allows for the creation of self-folding 3D structures via a planar approach using laser machining. For example, by ablating specific regions of the tape using laser, the tape exhibits a stronger response to moisture (i.e., higher curvature) than the thicker regions. Such degree of controllability provides a practical mechanism for controlling the shape of the catalytic swimmer to tune its propulsion and hydrodynamic properties. Additionally, the adhesive layer of the tape provides a convenient means of attaching the catalytic particles without the need of additional adhesives.
C. Motion Control
The importance of the swimmer geometry can be understood by considering the primary forces controlling its hydrodynamic motion [19] , [20] . One force is the thrust (forward direction) generated by the ejection of gas bubbles. As this happens, a second force, drag, counteracts the first. A net force in the forward direction is required for achieving motion in the forward direction. This can be achieved by minimizing the cross-sectional area perpendicular to the direction of motion, (i.e., by using an open-ended cylindrical shape). Such shapes, however, lack the mono-directionality of flow control; instead, some bubbles may be ejected via the forward end rather than the read, thus affecting the net flow. The effect can be reduced by creating tapered cylinders rather than right cylinders. In such designs, the narrow opening exhibits a larger fluidic resistance compared to the wider opening, which promotes bubble ejection primarily via the larger opening; such asymmetry can be used to propel the swimmers in one direction.
Other components which influence the overall performance of the catalytic swimmer are any functional materials which are loaded onto the film during fabrication. As an example, the adhesive layer in our devices is loaded with iron oxide particles to impart on it magnet-control capabilities. By doing so, it is possible to control the trajectory of the swimmer by defining regions with various magnetic field strengths near the swimmer.
III. EXPERIMENTAL
A. Fabrication Procedure
The swimmer is fabricated out of a commercially available adhesive tape (Scotch MagicTape TM ) which is laser-machined using a CO 2 laser. The fabrication process is detailed in Figure 2 . The tape is first thinned (rastered) using a gradient of laser powers to create a wedge cross-section (original thickness on one end but thinner on the other end). Thinning down at one end promotes tapered bending when the tape is exposed to humidity; by varying the laser parameters of this thinningdown process, we create various gradient slopes (and hence tapering angles) which allow us to investigate the effect of tapering angle on swimmer speed. A screen-printing technique is subsequently used to deposit a uniform coating of MnO 2 (catalyst) micro-particles. For this process, laser machining is first used to create a stencil out of parchment paper; the low surface energy of this paper provides a surface with sufficient adhesion to tape during the screen printing process while still allowing clean removal of the tape after processing.
The parchment paper is then attached to the tape (sticky side), and MnO 2 powder is deposited to coat the exposed tape in the stencil cut-outs. The excess powder is removed by blow-drying with N 2 gas, and the stencil is then removed. Other functional materials can be deposited onto the tape via a similar process; as a proof of concept demonstration, we screen-printed an iron oxide solution (ferrofluid, FerroTec Inc.) to impart magnetic controllability on the devices. The ferrofluid carrier solvent (water and stabilizing compounds) is then allowed to evaporate in ambient conditions, leaving behind a layer of iron oxide particles. The resulting devices contain catalyst powder and iron oxide on the sticky side, but at opposite ends. Finally, the completed structures are released from the tape into individual devices using laser machining. When the flat devices are released into a humid environment, they fold up to form a conical structure.
B. Substrate Characterization
As the theory above suggests, the substrate material properties and environmental response play a critical role in the overall performance of the catalytic swimmer. Therefore, the substrate was characterized in terms of its curvature in aqueous solutions. For this, a laser engraver system (PLS6MW, Universal Laser Systems, Scottsdale, AZ; maximum power: 75 W; maximum scanning speed 4 m/s) was used to thin down Scotch MagicTape TM by varying the power and scanning speed of the system. Tape strips of various thicknesses were then placed in 30% H 2 O 2 wherein they curl up. Their radius of curvature was measured by capturing photographs and analyzing them in computer software (ImageJ).
The ability to hold catalyst powder throughout operation was assessed by weighing the catalyst-loaded tape before immersion in H 2 O 2 and after exposure. Measurements were done in triplicate.
C. Catalytic Material Preparation and Characterization
MnO 2 microparticles (158 µm diameter) were obtained from Sigma-Aldrich and used as received. Smaller MnO 2 particles (19 µm diameter) were synthesized by reacting 5 mL 0.1 N KMnO4 with 5 mL of 0.1 N KI. Precipitates were collected by centrifugation and rinsed with deionized (DI) water three times to remove impurities. The particles were then dried in a nitrogen gas environment and maintained in an inert environment until just prior to usage. The catalytic activity of the catalyst particles was investigated independently of the swimmers. For this, 20 mg of the large-size catalyst powder was mixed in a flask with 10 mL of 30 % H 2 O 2 and immediately connected to a standard trough setup for collection of generated gas. The volume of generated gas was measured over time by time-lapse photography; the generation rate of oxygen generation was subsequently calculated from the photographs. This experiment was repeated for the small-size particles. The particle morphology of the catalyst was also investigated by imaging via scanning electron microscopy (SEM) before and after the catalytic activity experiments. The particle size of both catalyst samples was also analyzed from the SEM images using optical granulometry software (ImageJ plugin).
D. Swimmer Performance
The swimmer was characterized in terms of its average speed and controllability of motion. For testing the average speed, a swimmer was placed in hydrogen peroxide (5, 10, 20, and 30 %v/v). The motion of the swimmer was recorded by taking snapshot photographs at 1 s intervals for 60 s. The average speed was determined by tracing the swimmer trajectory using computer software and computing the total distance travelled divided by the travel time. This experiment setup was also used to evaluate swimmers with various tapering angles. The photographs from these experiments were also used to investigate the relationship between bubble size and speed.
The magnetic controllability of the swimmers was tested by attaching a permanent magnet (Neodymium, N52 strength) to a steel bar (ruler) which was placed below a glass container filled with the H 2 O 2 solution. The bar creates a path with concentrated magnetic field; since the swimmer are attracted to the ruler, the ruler dictates the swimming path, with propulsion provided via bubble generation. The trajectory of the swimmers was recorded using photographic snapshots as described in the previous experimental setup. Figure 3 shows photographs of a catalytic swimmer (a) in its planar configuration just after fabrication, (b) as it begins to curl immediately after contacting H 2 O 2 , and (c) in its curledup (final) form, ready for actuation. When submerged in water, the swimmer achieves its maximum curvature (final form) within 7 minutes.
IV. RESULTS AND DICUSSION
A. Qualitative Inspection of Swimmers
B. Substrate Characterization
The characterization experiments for MagicTape TM confirm its ability to curl to various degrees by varying the laser parameters. As Figure 4a -b shows, the radius of curvature in an aqueous solution decreases for decreased thicknesses (and lower stiffness). This is expected from cantilever bending theory, which states that deflections are inversely proportional to the cube of the beam thickness. The data show the precise laser power and speeds required for creating various depths of ablation (0-55 µm) and radii of curvature (in the range of 1.9-3 µm); thinner tapes lack sufficient mechanical integrity for handling or subsequent processing, so higher power was not used. A linear gradient of these settings can be defined to create multiple curling angles on a single device, as in the tapered cylindrical swimmers described above. A magnified cross-section of the thickest and thinnest tape samples is depicted in Figure 4c -d, showing a maximum and minimum thicknesses on opposite ends of a single device, of 158 µm and 68 µm, respectively.
The consistency of the screen printing process used on tape was confirmed by measuring the mass of tape before and after application of the catalyst. The measurements revealed a deposition amount of 0.32±0.029 mg/mm 2 using 158 µm particles and 0.05±0.008 mg/mm 2 using 19 µm particles (Supplementary figure S1) . Thus, the adhesive layer of the tape allows for uniform powder loading across samples (small error); as a result, altering the mass of the catalyst (for controlling the swimmer performance) can be achieved simply by altering the exposed adhesive area during screen printing.
C. Particle Size and Activity Results
The electron microscopy investigations on particle size are presented in Figure 5 , with the large particles shown in Figure 5a and the smaller ones in Figure 5b . The particle size distribution (Figure 5c-d) reveal a median diameter of 158 µm for the larger particles and 19 µm for the smaller ones. Both types of particles are well in the micrometer regime and should not pose any nano-scale-related threats to biocompatibility. A close-up inspection (insets) reveals more details about the surface morphology of each group; in particular, the larger particles comprise smooth plates, whereas the smaller ones exhibit fewer macro-structures but increase surface roughness. The higher roughness in the smaller ones can be expected to contribute significantly to the catalytic activity.
The characterization experiments for the catalyst reveal a drastic change in catalytic activity between the two particle sizes. The catalytic activity can be interpreted as the rate of oxygen generation in a given solution of H 2 O 2 . Figure 6a shows the gas generation rate per mg of MnO 2 for (a) the 158 µm particles and (b) the 19 µm particles during 1200 s of immersion in H 2 O 2 . The data show up to an eight-fold increase in rate for the smaller ones, compared to the larger ones. Such large difference for the same mass is expected, since the smaller particles have a much higher surface area available for catalyzing the H 2 O 2 . Additionally, by the 400 s mark, the rate of oxygen generation for the small particles is 2.3 times its initial rate, whereas that for the large particles is 3.1 times its initial rate. The rate decreases after 400 s due to depletion of H 2 O 2 . It is interesting to note that the larger particles experience a larger change in rate than the smaller ones. These two effects (the increase for both and the difference in change for each) can be understood by examining the particles by scanning electron microscopy (SEM). Figure 6d -e are SEM images of the smaller particles (d) before and (e) after the same exposure. In both cases, the particles achieve a remarkably rough surface (i.e., higher overall surface area) as a result of H 2 O 2 exposure. This increase in surface area explains the higher catalytic activity for both [21] . The images also show that the final degree of roughness in both of the exposed particles is approximately equal; as a result, the change in surface is much more drastic for the large particles (which were originally smoother) than for the smaller ones (which started off with a large surface area), leading to a larger change in catalytic activity for the large ones, compared to the small ones. These effects and catalytic rates provide a means for tuning the swimmer speed/activity during its design phase.
D. Swimmer Performance
The speed of the swimmer is ultimately a function of the concentration of H 2 O 2 in its environment and the amount of catalyst it carriers; thus, for the swimming performance experiments, only the larger-size particles were used (microparticles of smaller sizes can be substituted for increased activity). For the swimmers tested here, the amount of catalyst was maintained constant by the screen printing process. Thus, the surrounding liquid is the primary determinant of its speed. The experiments with swimmers in three concentrations of H 2 O 2 (5 %, 10 %, 20 %, 30 %) reveal average swimmer speeds of 1.3, 4.6, 5.1, and 4.7 mm/s, respectively (maximum 7.2 mm/s), Figure 7a , all sufficiently fast for mm-scale motion applications. A one-way ANOVA statistical test reveals that the mean speeds for the 10%, 20%, and 30% concentrations are not significantly different from each other, suggesting that the swimmer activity is robust and stable even with varying concentrations in the range 10-30 %. In lower concentrations (e.g., 5 %), however, the speed is significantly (p < 0.05) lower. Although the high concentrations in the robust range (10-30 %) are not commonly found of natural environments, they are typical in various industrial applications such as water treatment plants; in such cases, the swimmers can take advantage of the H 2 O 2 while scavenging for other analytes. Alternatively, due to the clean decomposition of hydrogen peroxide, concentrations in this range can be injected into aqueous systems at select locations to create local fuel sources for the swimmers for environmental sampling.
In addition to stable locomotion in hydrogen peroxide, the swimmers feature remote controllability using a magnetic field due to the addition of iron oxide particles. This functionality is demonstrated in Figures 7b-c , whereby the trajectory of the actuators is influenced via a magnet (off-screen, attached to the steel ruler shown at the 30 cm mark). The use of this ruler allows the creation of a magnetic path such that the swimmers experience an attraction toward the ruler itself rather than only to a magnetic point source far away; thus, propulsion on the swimming plane is controlled by the generation of bubbles whereas direction is controlled by the underlying magnetic field. Swimmers which are not loaded with iron oxide do not respond to applied field; instead their motion is nonlinear/stochastic. An example is shown in Figure 7b , where a swimmer simply moves along a circular trajectory. In contrast, swimmers which are loaded with iron oxide initially move in a random manner but eventually align themselves to the field. This phenomenon can be seen in Figure 7c , where a swimmer gently approaches the magnetized ruler and subsequently follows its length as it moves. This demonstration shows that the velocity of the swimmers (specifically, the direction) can be controlled by a magnetic field. In environmental applications, for example, the magnetic field can be supplied by deploying a wire/cable and running an electric current through it so that the swimmers move along the path of the cable; alternatively, other more high-tech approaches are possible such as a small boat or hovering drone which can control the direction of a multitude of swimmers below it. Such positioning capabilities transform the swimmers into mm-scale engines or soft robots for scavenging bio/chemical analytes (when properly functionalized).
V. CONCLUSION
We have developed an inexpensive platform for soft catalytic actuators which takes advantage of the increasingly common CO 2 laser machining as well as intrinsic humidity-responsive properties of a commercial film. Specifically, a laser engraver is used to, both, cut and ablate a commercial acetate adhesive tape to create structures which fold into pre-determined forms when exposed to aqueous solutions or high humidity. Moreover, the tape contains a strong enough adhesive onto which active compounds are attached, including MnO 2 microparticles (which are used for generating oxygen for bubble-jet propulsion at speeds of up to 7.2 mm/s) as well as ferromagnetic particle suspensions (which are used for magnetic control). We use this platform in a proof-of-concept demonstration to create H 2 O 2 -powered swimmers with magnetically-steered navigation. This demonstration showcases the capabilities of laser machining and lowcost fabrication processes for the creation of soft autonomous motors and micro robots.
